Introduction
============

Breast cancer (BC) is the most common cancer to affect women and is a major cause of death. In 2016, 249,000 women were diagnosed with BC, which resulted in 40,000 deaths.[@b1-dddt-13-757] Most BC cases are found in women over the age of 50 and are initially hormone dependent. However, in recent years, \~11% of new BC cases in American women have been found in women younger than 45 years of age making BC a threat to all ages.[@b2-dddt-13-757] Around 60% of premenopausal and 75% of postmenopausal BC cases are hormone dependent. Epidemiological studies indicate that a high level of estradiol contributes to cell proliferation and stimulates development of the cancer.[@b3-dddt-13-757],[@b4-dddt-13-757]

17β-hydroxysteroid dehydrogenases (17β-HSDs) play important roles in catalyzing the interconversion of steroid hormones with different potencies. To date, 15 mammalian members of 17β-HSD superfamily have been found and the nomenclature is ranked chronologically.[@b5-dddt-13-757] The 17β-HSDs can be classified into oxidative and reductive isoforms. Reductive 17β-HSDs (type 1, 3, 5, 7, and 12) convert the less potent estrogen form, estrone (E1), to the more potent form, estradiol (E2), using nicotinamide adenine dinucleotide phosphate (NADPH) as cofactor. Oxidative 17β-HSDs (type 2, 4, 6, 8, 9, 10, 11, and 14) perform the reverse effect using nicotinamide adenine dinucleotide (NAD) as cofactor.[@b6-dddt-13-757],[@b7-dddt-13-757] Among reductive 17β-HSDs, studies have shown that knocking down 17β-HSD1 significantly affects the conversion of E1 to E2, but that this is not the case for other reductive 17β-HSDs.[@b8-dddt-13-757],[@b9-dddt-13-757] The high capacity for E2 production has been correlated with cancer cell metastases, poor disease prognosis, and efficient cell proliferation stimulation in BC.[@b4-dddt-13-757],[@b10-dddt-13-757],[@b11-dddt-13-757] Therefore, expression of 17β-HSD1 is a predominant factor in the maintenance of the E2 concentration making it a promising target for hormone-dependent BC therapy.

As early as the 1970s, research related to the important activity of 17β-HSD1 described above has focused on the search, synthesis, and testing of potential inhibitors of this enzyme. However, no 17β-HSD1 inhibitors are in clinical use to date. This is somewhat surprising since other enzymes involved in the synthesis of estrogens and androgens, eg, inhibitors of aromatase, 5α-reductases, and 17α-lyases, have been indicated in the clinical treatment of BC. The major obstacle to the therapeutic use of 17β-HSD1 inhibitors is the presence of undesirable estrogenic activity. This most likely results from the fact that the 17β-HSD1 enzyme has a high affinity for its estrogen substrates. Most designs for 17β-HSD1 inhibitors were initiated from analogs of estrogens making it difficult to eliminate the residual estrogenic activity.[@b12-dddt-13-757]

We have dedicated ourselves to the study of 17β-HSDs and have succeeded in crystallizing and determining the first three-dimensional (3D) structure of any human steroid-converting enzyme, that of the 17β-HSD1 apoenzyme and estradiol complex.[@b13-dddt-13-757]--[@b16-dddt-13-757] Based on this work, extensive structure--function studies were carried out that demonstrated the dual functions of estrogen activation and androgen inactivation by this enzyme.[@b17-dddt-13-757] In collaboration with Dr D. Poirier, the rational design of inhibitors has yielded a new hybrid inhibitor possessing nM-level affinity,[@b18-dddt-13-757] and a new improved efficient inhibitor 3-(3′,17′β-dihydroxyestra-1′,3′,5′(10′)-trien-16′β-methyl) benzamide.[@b19-dddt-13-757] However, therapeutic application of 17β-HSD1 inhibitors has been delayed due to the estrogenicity of the steroid structures and the estrogen starting molecule.

Compared with small molecule chemical inhibitors, siRNAs can inhibit a specific target with high efficiency and are not limited to ion channels, enzymes, or nuclear hormone receptors.[@b20-dddt-13-757],[@b21-dddt-13-757] Most importantly, they do not possess any estrogenicity. siRNAs have been applied to the treatment of many human diseases caused by specific genes.[@b22-dddt-13-757] Therefore, siRNA-mediated knockdown of HSD17B1 appeared to be a logical step. We have designed several siRNAs for HSD17B1 knockdown and demonstrated their remarkable in vitro efficacy.[@b4-dddt-13-757],[@b23-dddt-13-757],[@b24-dddt-13-757] However, continued assessment in vivo revealed two troublesome problems:

I. Establishment of an appropriate preclinical animal model suitable for evaluating human 17β-HSD1-siRNA: due to species differences between rodents and humans, ie, differences in the amino acid sequences and tissue distributions of the 17β-HSD1 enzymes, the inhibitors designed for human 17β-HSD1 could not inhibit the rodent enzyme.[@b25-dddt-13-757],[@b26-dddt-13-757] Thus, the commonly used BC models have poor predictability for evaluating 17β-HSD1 inhibitors. Development of a model suitable for testing human 17β-HSD1 inhibitors appears to have more challenges: 1) how to choose an appropriate cell line for the xenograft tumor model -- transfected cells or wild type cells; 2) how to simply and cost-effectively provide exogenous E1 as the substrate for activation into E2; and 3) how to determine an appropriate dose of E1 for the chosen cell line. These considerations complicate the model development and are compounded by the fact that there are a limited number of relevant studies for reference.

II\. Establishment of a nanocarrier for siRNA in vivo delivery: naked siRNA is a negatively charged macromol-ecule (\~13 kDa). It is subject to degradation by endogenous enzymes and unable to penetrate cellular membranes efficiently.[@b21-dddt-13-757],[@b27-dddt-13-757] In addition, although the in vitro transfection reagent is commercially available, it is too toxic and expensive to be applied in vivo.[@b28-dddt-13-757] Therefore, self-preparation of a low-toxicity nanocarrier for sustained and targeted delivery of 17β-HSD1-siRNA is necessary.

In the present study, we first tried to establish xenograft animal models by using not only T47D-WT but also T47D-17β-HSD1 cells. Tumor growth in response to three different doses of E1 was investigated and the comparative data for these two models were reported. Rather than using expensive osmotic mini-pumps or long-acting pellets as reported in the literature,[@b10-dddt-13-757],[@b26-dddt-13-757],[@b29-dddt-13-757] subcutaneous injection of an E1 micellar aqueous solution was adopted to provide the substrate for E2 synthesis. Furthermore, "17β-HSD1-siRNA/LPD", a new self-prepared potential suppressor for gene nanomedicine, was developed and tested in this model. This is the first report trying to reveal the in vivo efficacy of siRNA against steroid-converting enzymes.

Materials and methods
=====================

Establishing T47D-17β-HSD1 cells
--------------------------------

T47D-17β-HSD1 cells were established according to a previously reported method with slight modifications.[@b23-dddt-13-757] In brief, T47D-WT cells were stably transfected with a pcDNA3.1 (+) plasmid (Invitrogen Life Technologies, Carlsbad, CA, USA) expressing the human 17β-HSD1 gene (gene HSD17B1; GenBank accession no NM_000413). The transfectants were selected by using G-418 (Shanghai YeSheng Biochem Ltd., Shanghai, China).

Cell culture
------------

T47D-WT cells were obtained from the Shanghai Institute of Biological Science (Shanghai, China). T47D-WT and T47D-17β-HSD1 cells were propagated in DMEM high glucose (HyClone Laboratories, Logan, UT, USA) supplemented with 7.5 mg/L human insulin (Sigma-Aldrich, St. Louis, MI, USA) and 10% FBS (Gibco, Grand Island, NY, USA) at 37°C under a humidified 5% CO~2~ atmosphere.

Western blot analysis
---------------------

Total protein was extracted from cells lysed with RIPA buffer and supplemented with 1 mM phenylmethanesulfonyl fluoride and a protein inhibitor cocktail (Biotool, Houston, TX, USA). Proteins were quantified using Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientifc, San Jose, CA, USA). Equal amounts of total protein were loaded onto a 12% SDS-PAGE and transferred onto a nitrocellulose membrane (Millipore Ltd., Watford, UK). The membrane was blocked with 5% nonfat milk in PBS-Tween buffer for 1 hour at room temperature. Membranes were then incubated for 2 hours at room temperature in 5% nonfat milk in PBS Tween buffer containing a 1:10,000 dilution of the primary anti-17β-HSD1 rabbit polyclonal antibody (clone EP1682Y) (Abcam, Cambridge, UK). A 1:4,000 dilution of monoclonal anti-β-actin antibody produced in the mouse (CWBIO, Beijing, China) was used as a loading control. The respective horseradish peroxidase-conjugated antibody (Epizyme, Shanghai, China) was chosen as the secondary antibody and was diluted by a factor of 6,000. Protein signals were visualized with chemiluminescence reagent (Thermo Fisher Scientific).

Animals and inoculation
-----------------------

Athymic female BALB/c-nu/nu mice, 8--10 weeks of age at the study start were obtained from LingChang Biotech (Shanghai, China). The animals were maintained under specific pathogen-free conditions. The study protocol was approved by the ethics committee of Shanghai Institute of Planned Parenthood Research (No 2016--11) and followed the National Institutes of Health guide for the care and use of laboratory animals. Intact mice were used for inoculation. T47D-WT or T47D-17-HSD1 cells were harvested and resuspended in Matrigel™ Basement Membrane Matrix, Phenol-Red-Free (BD Biosciences, Bedford, MA, USA) to prepare a cell suspension of 1×10^8^ cells/mL. An amount of 0.1 mL of the cell suspension was injected subcutaneously in the right upper flank of each mouse.

Estrogen treatment
------------------

To prepare the estrogen solution for daily subcutaneous injection, E2 (Hubei Gedian Humanwell Pharmaceutical Co., Ltd., E-zhou, Hubei, China) or E1 (National Institute for Food and Drug Control, Beijing, China) was dissolved in dimethyl sulfoxide (cell culture reagent) (Sigma) and then diluted in 10% hydroxypropyl-β-cyclodextrin (Xi'an Deli Biochemical Co., Ltd., Xi'an, Shanxi, China). From the day of inoculation, the mice received a subcutaneous injection of E2 solution at 27.5 µg/kg daily for 12 days. After tumor formation, the animals in each group (T47D-WT-inoculated or T47D-17β-HSD1-inoculated group) were then randomly assigned into four subgroups injected subcutaneously with different doses (0, 0.1, 0.5, and 2.5 µg/kg) of E1 daily throughout the duration of the study. Tumor size in the presence of E2 or E1 was determined by measuring the largest and smallest tumor diameter (*d*~1~, *d*~2~) with calipers twice weekly. Tumor volumes were calculated according to the formula *V*=1/2 × *d*~1~ × *d*^2^2.

Preparation of "17β-HSD1-siRNA/LPD"
-----------------------------------

"17β-HSD1-siRNA/LPD" is a PEGylated liposome--polycation--DNA (LPD) nanoparticle containing 17β-HSD1-siRNA modified with Arg-Gly-Asp peptide (RGD), targeting α~v~β~3~ integrin expressed in tumor cells. The RGD peptides were synthesized by GL Biochem Ltd. (Shanghai, China), and the duplex 17β-HSD1-siRNA with sequence 5′-CCACAGCAAGCAAGUCUUU\[dT\]\[dT\] was synthesized by GenePharma (Shanghai, China). The preparation followed the method reported by Huang[@b30-dddt-13-757],[@b31-dddt-13-757] with some modifications. In brief, cationic liposomes composed of 1,2-dioleoyl-3-trimethylammonium-propane (Shanghai A.V.T. Pharmaceutical Co., Ltd., Shanghai, China) and cholesterol (Shanghai A.V.T. Pharmaceutical Co., Ltd.) (1:1 molar ratio) were prepared by thin film hydration followed by membrane extrusion to reduce the particle size. One hundred forty-eight microliters of protamine (2 mg/mL), 1,030 µL of deionized water, and 200 µL of a mixture of siRNA and calf thymus DNA (2 mg/mL) were mixed and maintained at room temperature for 10 minutes before addition of 1 mL of cationic liposome (10 mmol/L). After 10 minutes at room temperature, 500 µL of RGD modified distearoylphosphatidylethanolaminepoly(ethylene glycol) (DSPE-PEG-RGD) (10 mg/mL) was added and incubated at 65°C for 15 minutes. Particle size and zeta potential of "17β-HSD1-siRNA/LPD" were measured by a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Worcestershire, UK). Free siRNA were separated by electrophoresis and visualized using a Tanon Gel System (Tanon Science & Technology Co., Ltd., Shanghai, China). The free and total amount of siRNA were signed *C*~1~ and *C*~0~, respectively. Encapsulation efficiency (EE) was calculated according to the formula: EE = (1 − *C*~1~/*C*~0~)×100%.

Administration of "17β-HSD1-siRNA/LPD"
--------------------------------------

After investigation of E1-stimulated tumor growth, the T47D-17β-HSD1-inoculated animal model treated with the intermediate dose of E1 (0.5 µg/kg/day) was chosen for drug administration. The efficacy of the inhibitor "17β-HSD1-siRNA/LPD" was tested in vivo. Injections of a 1.2 mg/kg dose of siRNA were administered via the tail vein for three consecutive days per week. The efficiency of inhibition was determined by monitoring tumor growth in the presence of E1 (0.5 µg/kg/day) with and without (vehicle only or noncoding siRNA) the inhibitor treatment. The mice were sacrificed at the end of the experiment. The wet weights of uteri were determined; the tumors were removed and fixed immediately in 4% buffered formaldehyde for examination by immunohistochemistry.

Immunohistochemistry
--------------------

Formaldehyde-fixed tumors were embedded in paraffin. Five-micron-thick sections were deparaffinized, hydrated, and stained. Primary antibodies were diluted 1:100 for anti-17β-HSD1 rabbit polyclonal antibody (clone EP1682Y) (Abcam). Diaminobenzidine was used as the substrate for visualization of the immune reaction. Stained slides were scanned by Pannoramic MIDI, 3D HISTECH. For determination of labeling indices for 17β-HSD1 and apoptosis, the entire slide was screened by automatic observer and analyzed by Pannoramic viewer and Quant center software. The staining score for tumor cells was subsequently calculated. The percentage of immunostain and staining intensity were analyzed and a histochemistry score (H-score) was calculated using the following formula: $$\begin{array}{l}
{\text{H-score} = (\text{percentage~of~cells~of~weak~intensity} \times 1)} \\
{+ (\text{percentage~of~cells~of~moderate~intensity} \times 2) + (\text{percentage~of~}} \\
{\text{cells~of~strong~intensity} \times 3).} \\
\end{array}$$

Statistical analysis
--------------------

Differences in tumor growth between samples were determined by two-way ANOVA test, while differences in 17β-HSD1 expression within cells or xenograft tumor tissue were determined by Student's *t*-test using GraphPad Prism 6.0 (GraphPad Software, Inc., San Diego, CA, USA).

Data and availability
---------------------

The datasets used and analyzed during the current study are available from the corresponding author on reasonable request.

Results
=======

Establishing T47D-17β-HSD1 cells
--------------------------------

T47D cells were genetically engineered for inoculation. The expression of 17β-HSD1 was subsequently determined by Western bolt. Results ([Figure 1](#f1-dddt-13-757){ref-type="fig"}) showed that the T47D-WT cells exhibited markedly lower 17β-HSD1 expression, and that the expression of 17β-HSD1 was highly elevated in T47D-17β-HSD1 cells (14.0-fold vs T47D-WT cells), demonstrating successful establishment of this transfected cell line.

Effects of estrogen on tumor growth in vivo
-------------------------------------------

To investigate the respective differences between the two xenograft models established with T47D-WT cells or T47D-17β-HSD1 cells, the effects of estrogen on tumor growth were evaluated. Estradiol was initially used to support tumor formation. The results show that the effects of E2 on tumor growth rate are similar in both the T47D-WT-inoculated group and the T47D-17β-HSD1-inoculated group ([Figure 2](#f2-dddt-13-757){ref-type="fig"}). After 12 days of E2 treatment, cancer formation was deemed successful with a tumor volume of 99.6±28.6 mm^3^ for the T47D-WT-inoculated group and 72.9±29.3 mm^3^ for the T47D-17β-HSD1-inoculated group. In the following experiment, E2 was replaced by E1. Three different doses of E1 were evaluated in both the T47D-WT-inoculated group and T47D-17β-HSD1-inoculated group. Tumor sizes were reduced by nearly half after 19 days in the T47-WT-inoculated group in the absence of E1 supplementation ([Figure 3A](#f3-dddt-13-757){ref-type="fig"}, green line), implying that endogenous estrogens are not sufficient to maintain tumor growth. An elevated tumor growth rate was observed when the mice were treated with E1. The growth rate increased as the E1 dose increased ([Figure 3A](#f3-dddt-13-757){ref-type="fig"}, blue and black lines). It is worth noting that the highest dose of E1 (up to 2.5 µg/kg/day) showed no significant facilitation of tumor growth when compared with the intermediate dose (*P*\>0.05, [Figure 3A](#f3-dddt-13-757){ref-type="fig"}, red line vs black line), indicating that an equilibration state was reached. The effects of the different doses on the T47-17β-HSD1-inoculated group showed a similar tendency ([Figure 3B](#f3-dddt-13-757){ref-type="fig"}).

Different tumor growth in vivo between T47D-WT-inoculated and T47D-17β-HSD1-inoculated groups
---------------------------------------------------------------------------------------------

Although the effects of different E1 doses on T47D-17β-HSD1-inoculated group showed similar tendencies, there were still some differences between the T47D-WT-inoculated and T47D-17β-HSD1-inoculated group. Therefore, the data were subjected to additional comparisons.

When treated with no or low-dose E1, the tumor growth rates of these two groups appeared similar ([Figure 4A and B](#f4-dddt-13-757){ref-type="fig"}). This reflected that in the absence of E1 or in the presence of a low level of E1, the conversation rates to E2 in vivo were similar regardless of the expression of 17β-HSD1. There was a significant difference in tumor growth rate in response to treatment with the intermediate dose of E1, suggesting that the differential expression of 17β-HSD1 contributed to different levels of E2 in vivo. A larger inhibition interval for drug evaluation was generated when the T47D-17β-HSD1-inoculated model was used ([Figure 4C](#f4-dddt-13-757){ref-type="fig"}). However, this difference was reduced in response to treatment with the high dose of E1 ([Figure 4D](#f4-dddt-13-757){ref-type="fig"}). This result fits the hypothesis that excessive E1 may lead to a direct proliferative effect, thereby narrowing the proliferation difference induced by E2.[@b26-dddt-13-757]

Thus, by comparative analysis, a more competent animal model was established using T47D-17β-HSD1 cells, which exhibited not only a larger inhibition interval but also an exclusively 17β-HSD1-dependent proliferation. Accordingly, the T47D-17β-HSD1-inoculated animal model with the intermediate dose of E1 (0.5 µg/kg/day) was optimized for subsequent drug administration and tumor evaluation.

Efficacy of "17β-HSD1-siRNA/LPD"
--------------------------------

Using the optimized xenograft animal model described above, "17β-HSD1-siRNA/LPD", a new potential suppressor for gene nanomedicine, was tested after characterization in vitro. The particle size, zeta potential, and siRNA EE of the formulation were 127.8±6.1 nm, +32.5±6.4 mV, and \>90%, respectively. Tumor growth showed no significant difference between the vehicle group (n=5) and noncoding siRNA group (n=3). Thus, the vehicle group with more replicates was selected as a negative control to verify the in vivo efficiency. Tumor growth was significantly suppressed in comparison to the untreated group. In particular, on day 6 of drug administration, "17β-HSD1-siRNA/LPD" reduced the tumor volume to 56%±6% of the tumor control, and 69%±7% of the original ([Figure 5](#f5-dddt-13-757){ref-type="fig"}). The mice weight in the medicated group rapidly returned to its previous level, although there was a slight weight loss during administration.

Mice were sacrificed after measuring the tumor volumes. Tumors and uteri were removed for further analysis. His-tochemical analysis showed lower expression of 17β-HSD1 in the "17β-HSD1-siRNA/LPD"-treated group ([Figure 6B and E](#f6-dddt-13-757){ref-type="fig"}) than in the untreated group ([Figure 6C and F](#f6-dddt-13-757){ref-type="fig"}) (mean H-score: 65.3 vs 145.3, [Figure 6G](#f6-dddt-13-757){ref-type="fig"}), suggesting that deregulation of human 17β-HSD1 in BC is associated with the reduction of tumor cell proliferation.

Moreover, as for the immunohistochemical results, the tumors from the T47D-WT-inoculated group ([Figure 6A and D](#f6-dddt-13-757){ref-type="fig"}) exhibited an extremely low level of 17β-HSD1 (mean H-score: 16.4) (8.8-fold, T47D-17β-HSD1-inoculated group vs T47D-WT-inoculated group, [Figure 6H](#f6-dddt-13-757){ref-type="fig"}). The in vivo results are in agreement with the in vitro Western blot results, providing additional support that T47D-17β-HSD1-inoculated cells are well suited for evaluation of the 17β-HSD1 inhibitor.

Furthermore, the uterine weights showed no significant difference between the "17β-HSD1-siRNA/LPD"-treated group and the untreated group (data not shown), indicating that this siRNA had no estrogenic activity and was shown to be a promising 17β-HSD1 suppressor.

Discussion
==========

The expression of 17β-HSD1 has been shown to be upregulated in many hormone-dependent BC cases in the clinic.[@b32-dddt-13-757],[@b33-dddt-13-757] The choice of a suitable cell line appeared to be of particular importance in order to establish an appropriate xenograft animal model that accurately reflects this aggressive phenotype. T47D and MCF7 cells are the two most extensively used estrogen-responsive BC epithelial cell lines. Although the expression of 17β-HSD1 is higher in T47D than in MCF7 cells, the level of 17β-HSD1 is still low, accounting for 3% of all 17β-HSD mRNAs in T47D cells.[@b33-dddt-13-757],[@b34-dddt-13-757] Therefore, we deemed it necessary to genetically engineer these estrogen-responsive cell lines in order to develop a preclinical animal model with which to screen potential 17β-HSD1 inhibitors.

It was anticipated that established MCF7-17β-HSD1 cells could be used for this model. To date, studies with T47D cell lines have used T47D-WT cells rather than T47D-17β-HSD1. In order to provide more information to help other researchers with the choice of an appropriate cell line for this model, both T47D-WT and T47D-17β-HSD1 cells were used and compared in the present study.

Estrogen supplementation was the second troublesome problem encountered during the establishment of this model. Since the requirement for estrogen is well known for estrogen-dependent tumor growth,[@b35-dddt-13-757] we used E2 to support tumor formation at first to increase the success rate of engraftment. After successful tumor formation in both T47D-WT-inoculated and T47D-17β-HSD1-inoculated groups, E2 was replaced by 17β-HSD1-substrate E1. Husen et al used osmotic mini-pumps in order to provide a continuous in vivo level of E1 in mice.[@b10-dddt-13-757],[@b26-dddt-13-757] Day et al recommended expensive long-acting E1 pellets because they stimulated tumor growth more effectively than equivalent daily subcutaneous injections of an E1 propylene glycol solution.[@b29-dddt-13-757] However, these two long-acting preparations are too expensive for wide application especially when multidrug candidates and their effective dose need to be screened. A cost-effective method for E1 supplementation was adopted in this study: in order to avoid skin irritation in nude mice by propylene glycol solution, a daily subcutaneous injection of E1 as a micellar aqueous solution containing HP-β-cyclodextrin was used.

After choosing a method of estrogen supplementation, caution was still required with regard to the dose of E1 in order to establish an exclusively 17β-HSD1-induced BC model. An excess of E1 could activate the estrogen receptor directly, instead of via 17β-HSD1 activity.[@b26-dddt-13-757] Husen et al also screened different doses of E1, but the effects of these different doses on tumor growth were not reported. In this study, a total of eight tumor growth curves are shown and compared to determine the ideal dose ([Figure 3](#f3-dddt-13-757){ref-type="fig"}). The intermediate dose of E1 was proven to be appropriate to establish this exclusively 17β-HSD1-induced cancer model ([Figure 3](#f3-dddt-13-757){ref-type="fig"}, black lines). A slow tumor growth rate in which the original tumor size was essentially maintained was observed when the T47D-WT-inoculated group was treated with the intermediate dose of E1 ([Figure 4C](#f4-dddt-13-757){ref-type="fig"}, red line). Therefore, we speculated that the success rate of engraftment would be very low if only E1 rather than E2 was used to support T47D-WT-inoculated tumor formation during the early days of the study. As a result, we believe that in addition to the lower inhibition interval, the markedly slower tumor growth rate, which may lead to a low tumor formation rate, is another factor to be considered for the T47D-WT cell line.

After the optimization of the abovementioned three factors, "17β-HSD1-siRNA/LPD", a nanocarrier, was prepared to encapsulate and protect siRNA. Due to the positive expressions of integrin α~v~β~1~, α~v~β~5~, and α~5~β~1~ in T47D cells[@b36-dddt-13-757]--[@b38-dddt-13-757], this nanocarrier was further modified with RGD, one of the most studied integrin ligands, to improve the efficiency of drug delivery.

Finally, "17β-HSD1-siRNA/LPD" was tested in the optimized model. It was noted that tumor proliferation in the untreated group was not observed after 8 days although the supplementation of E1 was continued ([Figure 5](#f5-dddt-13-757){ref-type="fig"}, red line). One explanation is degradation of E1 in the micellar aqueous solution leading to a reduced daily injection dosage. However, stability tests showed that the E1 micellar aqueous solution was stable under ambient temperature for at least 2 weeks (data not shown). Another major reason was the age of the nude mice. It spent around 8 weeks to establish the animal model suitable for evaluating human 17β-HSD1-siRNA, longer than most of other tumor bearing animal model. Thus, the nude mice were considered old for administration (around 16 weeks), for the life span of nude mice is normally 6 months to a year.[@b39-dddt-13-757] It is reported that the "malignant" characteristics of tumors (ie, rapid growth and metastases) appear to be less prominent in the elderly. Host features such as the fibrotic, angiogenic, or immune response may be altered by the aging process and may render the host "soil" less fertile for "malignant" tumor growth.[@b40-dddt-13-757],[@b41-dddt-13-757] Therefore, to create such a special tumor model able to proliferate throughout the duration of the experiment, younger mice of around 3 weeks of age for inoculation may be more suitable.[@b42-dddt-13-757]

Conclusion
==========

In summary, in this study we have successfully optimized and established a xenograft nude mouse model suitable for evaluating 17β-HSD1-siRNA by using T47D-17β-HSD1 cells. Furthermore, this model was used to test 17β-HSD1-siRNA. To our knowledge, this is the first report involving a T47D-17β-HSD1-innoculated nude mouse model and the first report of an in vivo application of siRNA for steroid-converting enzymes.
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![17β-HSD1 protein expression determined by Western blot in T47D-WT cells and T47D-17β-HSD1 cells.\
**Notes:** 1×10^6^ T47D-WT cells were seeded onto 6-well plates and transfected with plasmid overexpressing 17β-HSD1 to establish T47D-17β-HSD1 cells. Western blot analysis was carried out. β-actin was chosen as the internal control protein. Values are expressed as mean ± SD. \**P*\<0.05; n=3. The expression of 17β-HSD1 was highly elevated in T47D-17β-HSD1 cells, demonstrating the successful establishment of the transfected cells, which are suitable for the following comparisons with T47D-WT cells.](dddt-13-757Fig1){#f1-dddt-13-757}

![The effect of E2 supplementation on breast tumor growth.\
**Notes:** Intact mice were supplied with 27.5 µg/kg/day of E2 for 12 days. The T47D-WT-inoculated group and T47D-17β-HSD1-inoculated group showed no obvious differences in tumor volume and a similar growth tendency in the presence of E2. Values are expressed as mean ± SD. NS, *P*\>0.05; n=26.\
**Abbreviations:** E2, estradiol; NS, not significant.](dddt-13-757Fig2){#f2-dddt-13-757}

![The effect of different levels of E1 supplementation on tumor growth.\
**Notes:** T47D-WT-inoculated group (**A**) and T47D-17β-HSD1-inoculated group (**B**). Intact mice were supplied with a dose of 0 µg/kg/day (green lines), 0.1 µg/kg/day (blue lines), 0.5 µg/kg/day (black lines), or 2.5 µg/kg/day (red lines). Increasing doses of E1 dramatically promoted tumor growth, whereas the highest dose made no further contribution, indicating that the dose of E1 should be screened prior to evaluating efficacy of a17β-HSD1 inhibitor. Values are expressed as mean ± SD. \**P*\<0.05; \*\*\**P*\<0.001; n=5 or 8.\
**Abbreviations:** E1, estrone; NS, not significant.](dddt-13-757Fig3){#f3-dddt-13-757}

![Comparison of T47D-WT-inoculated group and T47D-17β-HSD1-inoculated group when different levels of E1 are administered.\
**Notes:** Vehicle (0 µg/kg/day) (**A**); low dose of E1 (0.1 µg/kg/day) (**B**); intermediate dose of E1 (0.5 µg/kg/day) (**C**); high dose of E1 (2.5 µg/kg/day) (**D**). When treated with the intermediate level of E1, tumor growth showed a significantly greater difference between the T47D-WT-inoculated group and T47D-17β-HSD1-inoculated group. Values are expressed as mean ± SD. \**P*\<0.05; \*\*\**P*\<0.001; n=5 or 8.\
**Abbreviations:** E1, estrone; NS, not significant.](dddt-13-757Fig4){#f4-dddt-13-757}

![The effect of "17β-HSD1-siRNA/LPD" on tumor growth in vivo when the supplementation of E1 was continued.\
**Notes:** The tumor growth was significantly suppressed after administration of "17β-HSD1-siRNA/LPD". Values are expressed as mean ± SD. \*\*\**P*\<0.001; n=4.](dddt-13-757Fig5){#f5-dddt-13-757}

![17β-HSD1 expression in tumors analyzed by immunohistochemistry.\
**Notes:** The percentage of immunostaining and staining intensity were analyzed and calculated by the histochemistry score (H-score). Values are expressed as mean ± SD. \**P*\<0.05; nine slices from three animals for each group. Representative micrographs showing lower 17β-HSD1 staining (brown) in T47D-WT-inoculated group (**A**), T47D-17β-HSD1-inoculated group treated with siRNA (1.2 mg/kg/day) (**B**) and higher 17β-HSD1 staining in T47D-17β-HSD1-inoculated group treated with vehicle (**C**). **D**--**F** (scale bar =50 µm) are the magnification of **A**--**C** (scale bar =500 µm) with dash-lined boxes. (**G**) Quantification of 17β-HSD1 expression in T47D-17β-HSD1-inoculated group treated with siRNA (1.2 mg/kg/day) compared with vehicle. (**H**) Quantification of 17β-HSD1 expression in T47D-WT-inoculated group compared with T47D-17β-HSD1-inoculated group. T47D-17β-HSD1-inoculated groups showed higher 17β-HSD1 expression; after treatment with siRNA (1.2 mg/kg/day), 17β-HSD1 expression was deregulated.](dddt-13-757Fig6){#f6-dddt-13-757}
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